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Abstract:  This work describes the fluorescence enhancement of the anilinonaphthalene 
sulfonate probes 1,8-ANS, 2,6-ANS, and 2,6-TNS via complexation with PAMAM 
dendrimer hosts of Generation 4, 5 and 6. The use of this set of three very closely related 
probes allows for comparative binding studies, with specific pairs of probes differing only 
in shape (1,8-ANS and 2,6-ANS), or in the presence of a methyl substituent (2,6-TNS vs. 
2,6-ANS). The fluorescence of all three probes was significantly enhanced upon binding 
with PAMAM dendrimers, however in all cases except one, a very unusual spike was 
consistently observed in the host fluorescence titration plots (fluorescence enhancement vs. 
host concentration) at low dendrimer concentration. This unprecedented fluorescence 
titration curve shape makes fitting the data to a simple model such as 1:1 or 2:1 host: guest 
complexation very difficult; thus only qualitative comparisons of the relative binding of the 
three guests could be made based on host titrations. In the case of G4 and G5 dendrimers, 
the order of binding strength was qualitatively determined to be 1,8-ANS < 2,6-ANS 
indicating that the more streamlined 2,6-substituted probes are a better match for the 
dendrimer cavity shape than the bulkier 1,8-substituted probe. This order of binding strength 
was also indicated by double fluorometric titration experiments, involving both host and 
guest titrations. Further double fluorometric titration experiments on 2,6-ANS in G4 
dendrimer revealed a host concentration-dependent change in the nature of the   
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host: guest complexation, with multiple guests complexed per host molecule at very low 
host concentrations, but less than one guest per host at higher concentrations. 
Keywords: PAMAM dendrimers; fluorescence enhancement; fluorescence titration curves; 
host-guest inclusion; anilinonaphthalene sulfonate probes 
 
1. Introduction  
Dendrimers are an interesting class of macromolecules that have received significant attention in 
recent years due to their highly branched structure and the uniformity of their size and shape [1-4]. 
They possess high concentrations of functional groups and internal cavities, and their unique structure 
and size range have a great impact on their physical and chemical properties, as well as their 
applications [1-4]. The structure of these compounds loosely resembles that of a tree without its trunk, 
however they are much more symmetric. The framework of a dendrimer consists of three components: 
the core, the branches and the surface groups. The number of times that the branching occurs is 
referred to as the Generation number. In this study, the type of dendrimer used was the 
poly(amidoamine) or PAMAM dendrimer [5-7], the structure of PAMAM Generation 4 (G4) is shown 
in Figure 1. PAMAM dendrimers have a hollow core and a densely packed outer layer. PAMAM 
dendrimers are commercially available. The set used in this work contains an ethylenediamine-based 
core; the surface groups are amines. As the size of the dendrimer increases, the three-dimensional 
structure changes. It is known that PAMAM dendrimers of Generations 0-2 have an open structure, 
sometimes called “starfish-like” [6]. In contrast, dendrimers of Generations 4 and higher are known to 
be more spherical and closely packed in structure. Generation 3 dendrimers have a shape that is not 
quite spherical, but not as flat as the lower Generations. The increasing size of the branches allows for 
more isolation of the dendrimer interior as the Generation increases. For example, a hydrophobic core 
may be protected from aqueous solution by branches that contain hydrophilic surface groups. Because 
of this ability, dendrimers are often referred to as molecular micelles [8-12].  
The symmetric branching of dendrimers creates distinct cavities between the branches. These 
cavities may be occupied either by solvent or end groups of the dendrimer that have back folded, or in 
some cases these cavities will accommodate guest molecules [13]. The number and size of the cavities 
in a dendrimer molecule depend on the Generation, the number of branches at the core of the 
dendrimer, and the nature of the repeated units. The presence of these cavities can allow 
“encapsulation” [14] of smaller molecules within the dendrimer framework. Thus, dendrimers have 
huge potential as supramolecular hosts. Much research is currently being done into exploiting the host 
ability of dendrimers for use in biological systems. In particular, dendrimers show great potential as 
drug-delivery vehicles [15-17].  
In an aqueous environment, PAMAM dendrimers are able to encapsulate small, hydrophobic 
fluorescent probe molecules. The inclusion of a fluorescent probe has a significant effect on its 
fluorescence properties such as intensity, lifetime, and the position of the maximum fluorescence 
wavelength. Steady state fluorescence has been widely used to study the microenvironment of Sensors 2010, 10                  
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dendrimeric cavities and the interactions between the host dendrimer and the guest molecule that has 
been encapsulated, including the binding constant and stoichiometry of the host-guest complex   
[18-27].  
Figure 1. Structure of PAMAM dendrimer, Generation 4. 
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In addition to the use of fluorescent guests to probe dendrimer binding capacities and cavity 
properties, fluorescent dendrimers have been prepared with fluorescent probes typically attached as 
end groups [20,28]. Such dendrimers have tremendous potential applications as fluorescent sensors, to 
indicate the presence and concentration of specific target guests. For example, Grabchev et al.  have 
very recently described a Generation 2 PAMAM dendrimer with 16 1,8-naphthalimide fluorescent 
peripheral groups, which they showed to be a sensitive and selective fluorescent and colorimetric 
sensor for Li
+ ions in solution [29]. PAMAM dendrimers have also been used to make other types of 
molecular sensors. For example; Zhu et al.  have published a description of PAMAM dendrimer-
enhanced DNA biosensors, in this case based on electrochemical measurements [30]. For all of these 
applications of PAMAM dendrimers as molecular sensors, a better understanding of their binding 
capacities, cavity properties and host abilities is required. 
Bryszewska  et al.  have extensively studied the binding properties of PAMAM dendrimers 
Generation 4, 5 and 6 (G4, G5 and G6) using the highly polarity sensitive fluorescent probe   
1-anilinonaphthalene-8-sulfonate (1,8-ANS) [21-26]. They used a double fluorometric titration Sensors 2010, 10                  
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technique, in which the fluorescence is studied both as a function of host concentration at fixed guest 
concentration and as a function of guest concentration at fixed host concentration [23-26], and found 
that binding of 1,8-ANS in these dendrimers is very complex. They found that there are two distinctive 
types of binding centers for G4 and G6 PAMAM dendrimers, which they referred to as low affinity 
and high affinity, and which correspond to surface and core cavities, respectively [25]. However, in a 
previous publication they observed only one type of binding site for G4 [23]. Furthermore, they found 
that the binding constant (Kb) and number of binding sites (n) both changed dramatically with 
Generation number, with a value of n = 0.5–0.7 in the case of G5 [26]. The results obtained for G5 
dendrimers are of particular interest to us, because they suggest the possibility that 2:1 host-guest 
complexes are being formed between 1,8-ANS and G5 PAMAM dendrimer. It should be possible to 
study the binding of 1,8-ANS in G5 using a single fluorescence titration approach (guest fluorescence 
as a function of host concentration) with fitting to a 2:1 host: guest model, which we have successfully 
used to study the binding of 1,8-ANS in cucurbit[7]uril [31].  
In addition, there are other anilinonaphthalene sulfonate fluorescent probes available for studying 
host properties, with differing shapes, polarity-sensitivity, and electronic properties from those of   
1,8-ANS itself, including 2-anilinonaphthalene-6-sulfonate (2,6-ANS) and 6-(p-toluidino)-2-
napthalene sulfonate (2,6-TNS). The structures of these three probes are shown in Figure 2.  
The motivation for this extended ANS study of PAMAM dendrimers is the ability to do 
comparative binding studies using pairs of closely related probes. Previous work in our research group 
has involved comparative binding of 1,8-ANS and 2,6-ANS in cucurbit[n]urils [31] and modified 
cyclodextrins [32]; this allowed for the study of the binding and cavity properties of these important 
hosts. As can be seen from Figure 2, 1,8-ANS and 2,6-ANS are isomers, differing only in the positions 
of the anilino and sulfonate groups on the naphthalene fluorophore, but with resultant significant 
differences in both size and shape, with 2,6-ANS being much longer and more streamlined. For both 
types of hosts previously studied, the more streamlined 2,6-ANS guests were bound much more tightly 
than the bulkier 1,8-ANS. We have further expanded this comparative approach in this study by 
including 2,6-TNS as a probe. The results for 2,6-TNS will be directly compared to the results for  
2,6-ANS, as they have very similar shapes, but with 2,6-TNS having a p-methyl group attached to the 
phenyl ring. This will have potential steric and electronic (-CH3 is an electron donating group) effects 
on the guest properties. These comparative binding results will impact the use of these dendrimers as 
sensors, by determining whether there is a significant effect of the guest shape on its encapsulation 
within these dendrimers (which would result in a degree of selectivity for the sensor), or whether they 
can be widely applied as supramolecular hosts for a variety of guest shapes. 
This paper thus describes the study of the host properties of PAMAM dendrimers G4, G5 and G6 
using this expanded set of anilinonaphthalene sulfonate probes 1,8-ANS (studied previously by 
Bryszewska et al. as described above), 2,6-ANS and 2,6-TNS. These properties are investigated using 
both a host fluorescent titration approach with fitting to a 2:1 dendrimer:guest model (to investigate 
whether such a complex is formed for any of these host: guest pairs), and preliminary experiments 
involving the double fluorescence titration approach used previously by Bryszewska et al. If a 2:1 
complex is indeed formed for any of these host-guest pairs, then the host fluorescent titration approach 
would provide a simpler technique for studying the complexation process. Sensors 2010, 10                  
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Figure 2. Chemical structure of the three related fluorescent probes used: a) 1,8-ANS; b) 
2,6-ANS; c) 2,6-TNS. 
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2. Results and Discussion 
2.1. Spectral Shifts and Fluorescence Enhancement of ANS Probes by PAMAM Dendrimers 
A large increase in the fluorescence intensity was observed for all three probes 1,8-ANS, 2,6-ANS 
and 2,6-TNS upon addition of the various generations of PAMAM dendrimers. The relative 
fluorescence spectrum of 2,6-ANS in the absence and presence of dendrimer G5 at 1 mM 
concentration is shown in Figure 3.  
The fluorescence enhancement can be quantified as F/Fo, the integrated fluorescence spectrum in 
the presence divided by the absence of host. F/Fo values at 1 mM dendrimer concentration for the three 
probes in the Generation 4, 5, and 6 dendrimers are listed in Table 1. These large enhancements 
indicate that the probes are experiencing significantly reduced polarity environments in the presence of 
the dendrimer hosts, indicating they have become included within the host interior. The order of 
enhancement observed of 2,6-TNS > 1,8-ANS ≥ 2,6-ANS (the enhancement for 1,8-ANS is 
significantly larger than that for 2,6-ANS only in the case of PAMAM dendrimer G6) is a reflection of 
the differing polarity sensitivity of these three guests, as measured in our group using the Polarity 
Sensitivity Factor (PSF), which we defined as the ratio of the fluorescence of a probe in ethanol as 
compared to water [32-34]. We have measured the PSF to be in the same order of 2,6-TNS > 1,8-ANS 
> 2,6-ANS; thus the differences in enhancement observed is not a reflection of different polarity sites 
accessed by the three probes. There is also very little difference in the observed values of the 
enhancement for each probe as a function of Generation number. It can thus be concluded that even 
with the differences in cavity shape and size for PAMAM dendrimers of different generation number, 
the local polarity experienced by these guests is similar for each of the three hosts G4, G5 and G6. 
These hosts have very different diameters of 40, 52 and 67 Å for G4, G5 and G6, respectively [35]. In Sensors 2010, 10                  
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comparison, 1,8-ANS has a maximum length of ca. 11 Å, based on its crystal structure [36], so that it 
is unlikely that it is fully included within the G4 dendrimer, as was pointed out by Bryszewska et al. 
[23]. The lack of dependence of the observed enhancement on generation number can thus either be a 
result of the fact that polarity of the cavities is similar for each generation number (since the chemical 
compositions are the same), or it may indicate a similar degree of encapsulation of the guests into the 
different generation dendrimer hosts, despite the large difference in host and cavity sizes. In either 
case, the hydrophobic interaction of the guest and host is seen to contribute to the host-guest inclusion 
process. In addition, electrostatic interactions between the sulfonate group and protonated terminal 
amines of the hosts also play a role in the host-guest interactions [23].  
Figure 3. Fluorescence spectra of 4 × 10
-5 M 2,6-ANS and in the absence () and in 
presence of 1 mM PAMAM dendrimer G5 (----). 
Table 1. The fluorescence enhancements of 4 × 10
-5 M 1,8-ANS, 2,6-ANS and 2,6-TNS by 
1 mM PAMAM dendrimers G4 to G6. 
Generation 1,8-ANS  2,6-ANS  2,6-TNS 
G4  31 ± 9  26 ± 3  55 ± 2 
G5  34 ± 7  26 ± 6  52 ± 8 
G6  32 ± 6  20 ± 2  59 ± 2 
There also was a significant blue-shifting of the spectrum of each of the three probes in the presence 
of all three dendrimers; again this indicates that the probes experience a significantly lower polarity 
local environment, indicative of inclusion within the host interior. Similarly to the enhancement 
results, the blue shifts seen for each probe were nearly independent of generation number: 1,8-ANS 
shifted from 516 nm in the absence of dendrimer to 480, 480 and 478 nm in the presence of 1 mM G4, 
G5 and G6, respectively; 2,6-ANS shifted from 461 to 444, 442, and 444 nm and 2,6-TNS shifted from 
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463 to 454, 454, and 453 nm under these same conditions. These results again indicate that similar 
environments are experienced by the three probes regardless of the generation number. 
2.2. Comparative Binding of ANS Probes by PAMAM Dendrimers 
The increase in the fluorescence intensity and blue shift in the spectra indicates the formation of the 
host-guest inclusion complexes of each of these three probes with each of the three dendrimers. 
Multiple single fluorescence titration experiments, the measurement of the fluorescence enhancement 
(F/Fo) as a function of host concentration, were performed for each of the 9 host-guest pairs. This data 
can then be used to extract the binding constant(s), based on a particular complexation model [34]. In 
the case of simple 1:1 host: guest complexation (which is not expected for dendrimer inclusion, based 
on the work of Bryszewska et al.), the following equation can be fit to extract the binding constant  
K [37]:  
F
F
FF
KH o s t
KH o s t o
o  

11
1
(/ )
[]
[]
max       [ 1 ]  
A double reciprocal plot of 1/(F/Fo-1) vs. [host] can be used to test for simple 1:1 complexation: this 
plot will be linear if only 1:1 complexation is occurring, but will be non-linear if any other 
stoichiometry or set of stoichiometries are being formed. As mentioned in the introduction, 
Bryszewska et al. have reported the number of binding sites for 1,8-ANS complexed by PAMAM 
dendrimers as 0.31 for G4 [23] and 0.5–0.7 for G5 [26]. Thus, more than 1 host is involved in the 
complexation of a single 1,8-ANS in these two cases, which suggest that a 2:1 host: guest model 
would be more appropriate for G5 (and perhaps G4) binding of these probes. The following equation 
has been derived for the stepwise formation of a 1:1 followed by addition of a second host to form a 
final 2:1 complex [38]: 
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In this equation, K1 and K2 are the equilibrium constants for the first then second host forming a 
complex with the guest; F1/Fo is the enhancement when every guest is bound by 1 host, and F2/Fo is the 
enhancement when every guest is bound by two hosts. Figure 4 shows the fluorescence titration curves 
(based on the average of 3 to 4 individual trials) for the three probes in PAMAM dendrimer G4, with 
the fits to these two models using non-linear least squares fitting to Equation 1 and 2.  
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Figure 4. Averaged host fluorescence titration plots for 4 × 10
-5 M a) 1,8-ANS;   
b) 2,6-ANS and c) 2,6-TNS as function of PAMAM dendrimer G4 concentration. The 
double reciprocal plot for 1,8-ANS in G4 is shown in d). The fits to the 1:1 () and 2:1 
(- - -) models are also shown in parts a to c. 
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The most interesting and surprising aspect of these titration curves shown in Figure 4 is the 
anomalous narrow peak at very low [G4], which appears as a spike very close to the y-axis. This 
intriguing and important phenomenon will be discussed in detail in Section 2.3. It is clear that the 
entire titration curves, including the spikes at low dendrimer concentration, will not fit to the 
conventional 1:1 and 2:1 models described above. In order to obtain at least a qualitative indication of 
the comparative strength of the binding of each probe with G4, fits were therefore performed on the 
fluorescence titration data omitting the points in the low dendrimer concentration that define the peak. 
The results are indicated in Figure 4 as solid lines (1:1 fit) and dashed lines (2:1 fit). Also shown is an 
example of the full double-reciprocal plot (for 1,8-ANS). It is clear from the 1:1 fit lines and the non-
linear double reciprocal plot that the 1:1 model is inadequate for these complexes, even with the 
anomalous peak data omitted, as expected. Figure 4 shows that the 2:1 model does provide a very good 
visual fit for all three probes in G4, with excellent agreement between the fit line and data points. This 
is equivalent to 0.5 binding sites per G4 host, compared to the results obtained by Bryszewska et al. of Sensors 2010, 10                  
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0.31 binding sites for G4 [23]. However, the values of the 4 fit parameters for Equation 2: F1/Fo, K1, 
F2/Fo and K2 were found to vary widely for the individual trials, and no consistent values could be 
obtained in order to do a quantitative comparison. This could be a result of a number of factors, 
including the additional complexity indicated by the peaks in the titration curves being manifested 
throughout the concentration range of the titration data, the lack of points at the important low 
dendrimer concentration (which were removed because of the spike), and the extremely strong 
binding, which makes extraction of the binding constants more difficult. Alternatively, this could 
indicate that simple 2:1 complex formation is not in fact occurring, and that the observed spike is 
indicative of a much more complex system. Thus, a quantitative comparative binding study could not 
be performed, but only a qualitative comparison can be made, based on the relative curvature of the 
titration plots themselves. This can be done by considering the binding constants obtained using the 
1:1 model; although clearly being an insufficient fit model, it does provide a direct measure of the 
curvature of the plots. Relatively consistent results were obtained between trials, and the resulting 
average values of K can be used to give an indication of the relative binding of the three ANS guests. 
The results are shown in Table 2; qualitatively at least, 2,6-ANS and 2,6-TNS bind more strongly than 
1,8-ANS, indicating that the more streamlined 2,6-substituted guests are a better match for the size and 
shape of the G4 cavities. 
Table 2. The average association constant K from the 1:1 model fit results for 4 × 10
-5 M 
1,8-ANS, 2,6-ANS and 2,6-TNS in 1 mM PAMAM dendrimers G4 and G5. 
   K/M
-1  
Generation 1,8-ANS  2,6-ANS  2,6-TNS 
G4  5.8 ± 1.8 × 10
3  1.6 ± 0.3 × 10
4  2.3 ± 0.4 × 10
4 
G5  1.9 ± 0.9 × 10
4  4.5 ± 2.2 × 10
4  1.3 ± 0.1 × 10
6 
In the case of G5, shown in Figure 5 a to c, the peak in the fluorescence titration data was again 
present for all three probes, while in the case of G6, the spike was observed consistently in the case of 
2,6-ANS and 2,6-TNS, and in 3 of 5 trials in the case of 1,8-ANS. (We have no explanation at this 
time as to why the spike was not observed in the first two trials performed for 1,8-ANS in G6, 
especially since the same bottle of G6 dendrimer in methanol was used for the trials with 2,6-ANS and 
2,6-TNS, all of which exhibited the anomalous spike.) In these cases, the 2:1 model provided a good 
visual fit to the titration data only in the case of 1,8-ANS in G5. While this is in agreement with the 
results of Bryszewska et al.  of approximately 0.5 binding sites per G5 host [26], once again the fit 
values of K1 and K2 were not reproducible from trial to trial, and no quantitative results could be 
obtained. In the case of G5, the average results for the fits to the 1:1 model are given in Table 1. Once 
again the 2,6 substituted guests bind much more strongly to G5 than does 1,8-ANS. In addition,   
2,6-TNS was found to bind much more strongly than 2,6-ANS, indicating an effect of the methyl 
substitution on the electronic properties of the naphthalene moiety, and its interaction with the G5 host. 
In the case of G6, as shown by the representative sample of 2,6-ANS in Figure 5d), not even 
qualitative comparisons could be made, due to the very steep rise in the titration curves in all   
three cases.  Sensors 2010, 10                  
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Figure 5. Averaged host fluorescence titration plots for 4 × 10
-5 M a) 1,8-ANS,   
b) 2,6-ANS and c) 2,6-TNS as a function of G5 and d) 2,6-ANS as a function of G6 
PAMAM dendrimer concentration, with the fits to the 1:1 () and 2:1 (- - -) models 
also shown.  
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As a result of the lack of reproducible fit parameters of the fluorescence titration data for the three 
probes in the three PAMAM dendrimers with either a simple 1:1 or 2:1 host: guest inclusion model, 
the more complicated double fluorometric titration method used by Bryszeska et al. for studying the 
binding of 1,8-ANS in PAMAM dendrimers [23-27] was undertaken for the three probes. A 
preliminary set of single trials was performed in G4 as a representative dendrimer host, to do the 
desired comparative binding study. This approach, as mentioned earlier, involves the measurement of a 
pair of fluorescence titration curves, one with fixed guest concentration and varying host concentration 
(equivalent to those shown in Figures 4 and 5), and the other with fixed host concentration and varying 
guest concentration. In the present study, two separate sets of experiments were done, one with 
dendrimer concentrations fixed at a higher concentration above the anomalous spike (0.20 mM), and 
the other with the dendrimer concentration fixed at a low concentration at which the anomalous spike Sensors 2010, 10                  
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was observed (0.0025 mM). The results from the low dendrimer concentration study will be discussed 
in the next section. 
In this technique, described in detail in the literature [23-27 and references therein, 39], the host 
titration allows for the determination of the fluorescence enhancement for the bound ANS guest. This 
value can then be used with the guest titration data to calculate the concentration of free and bound 
ANS based on the enhancement observed at each guest concentration. The following relationship 
between the bound and free guest ANS concentrations can then be used to determine the values of the 
binding constant Kb and the number of binding sites n [23-27,39]: 
[]
[] []
Host
Guest K n Guest n bound b free

11
        [ 3 ]  
Thus, a double-reciprocal plot of [host]/[guest]bound vs. 1/[guest]free should yield a straight line, with 
values of n and Kb obtainable from the y-intercept and the slope.  
Figure 6a and b shows these plots for 1,8-ANS and 2,6-ANS in the presence 0.20 mM G4 
dendrimer, respectively (well above the host concentration at which the anomalous spike was observed 
in each case). The results for the fits to Equation 3 are shown in Table 3. For 1,8-ANS with G4, 
Bryszewska et al. reported Kb values of 5.6  10
4 M
-1 [23], 2.6 × 10
5 M
-1 (low affinity binding centers) 
and 3.7 × 10
6 M
-1 (high affinity binding centers) [25] and n values of 0.31 [23], 0.60 (low affinity 
binding centers) and 0.34 (high affinity binding centers) [25] in buffer solution. Our value of Kb of  
1.8 ± 0.5 × 10
5 in nanopure water
 is in best agreement with that reported for the low affinity (surface) 
binding centers, however our value of n is slightly lower than that reported. For 2,6-ANS with G4, a 
higher constant was obtained than that for 1,8-ANS, in agreement with the qualitative results obtained 
from the 1:1 fits above that the more streamlined 2,6-ANS binds more strongly to G4 PAMAM 
dendrimers than does the comparatively bulky 1,8-ANS. In the case of 2,6-TNS in G4, the resulting 
double reciprocal plot was too highly scattered to allow for the determination of Kb and n.  
Figure 6. The double-reciprocal plots from the guest titration data for 4 × 10
-5 M   
(a) 1,8-ANS and (b) 2,6-ANS in the presence of 0.20 mM G4 PAMAM dendrimer, and  
(c) 2,6-TNS in the presence of 0.20 mM G6 dendrimer; the solid lines shows the linear fits. 
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Figure 6. Cont. 
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Table 3. Results for the fits of the double fluorometric titration experiments to Equation 3. 
Guest Host  Generation 
(Concentration/ 
mM) 
n Kb/M
-1 
1,8-ANS  G4 (0.20 mM)  0.23 ± 0.02  1.8 ± 0.5 × 10
5 
2,6-ANS  G4 (0.20 mM)  0.23 ± 0.01  5.3 ± 2.7 × 10
5 
1,8-ANS  G6 (0.20 mM)  0.38 ± 0.0`  5.4 ± 0.4 × 10
5 
2,6-ANS  G4 (0.0025 mM)  15 ± 6  5.9 ± 2.5 × 10
4 
Single trial double fluorometric titrations were also carried out for 1,8-ANS in G5 and G6 at   
0.20 mM host concentrations. In the case of G5, the resulting double reciprocal plot was found to be 
curved, so that the values of Kb and n could not be determined. In the case of 1,8-ANS in G6, the 
double reciprocal plot was linear, as shown in Figure 6c); the fit results are listed in Table 3. The value 
of Kb obtained falls between the two values reported for 1,8-ANS in G6 in buffer solution by 
Bryszewska et al. [25] for the low and high affinity binding centers. However the value of n obtained 
here is very small, and is expected to be much greater than 1 for this very large dendrimer [25]. Future 
work will involve more double fluorescence titration experiments to further delineate the current 
results using 1,8-ANS, in addition to investigating the comparative binding of 2,6-ANS and 2,6-TNS 
in these hosts.  
2.3. The Unusual Fluorescence Titration Behaviour at Low Dendrimer Concentration 
As was seen in Figures 4 and 5, there is a sharp spike in the measured fluorescence enhancement in 
the host titration curves, followed by a more expected smooth increase in fluorescence with increasing 
concentration of the dendrimer host. This anomalous phenomenon was found to occur consistently for 
all three anilinonaphthalene sulfonate probes in all three PAMAM Generation 4–6 hosts, with the 
exception of 1,8-ANS in G6, in which case the spike was observed in three of five host fluorescence 
titration trials. The spike is more clearly shown in Figure 7, which shows an expansion of the host Sensors 2010, 10                  
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titration curve at very low PAMAM dendrimer concentration for the case of 1,8-ANS and 2,6-ANS in 
G4 host. In all cases, there was no difference in the wavelength of maximum emission in the spectra at 
low concentration (where the spike was observed) compared to high concentration, which indicates 
that the guest experiences a similar environment at these two concentrations. 
Figure 7. Expansion of the low host-concentration region of the averaged host 
fluorescence titration plots for 4 × 10
-5 M a) 1,8-ANS and b) 2,6-ANS as a function of G4 
PAMAM dendrimer concentration {from Figure 4 a and b)}, illustrating the anomalous 
spike in fluorescence enhancement.  
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The enhancement of the peak at low host concentrations is quite significant in comparison to the 
enhancement at the higher host concentrations. This can be quantified as the ratio of the fluorescence 
enhancement F/Fo measured at the height of the low concentration peak to that measured at the highest 
dendrimer concentration (1 mM in all cases). In the case of G4 host, the fractional height of the peak 
was found to be 0.35, 0.48 and 0.72 for 1,8-ANS, 2,6-ANS and 2,6-TNS, respectively. A similar 
pattern of increasing relative size of the peak was also observed for the three probes in G5 (0.54, 0.74 
and 0.77). In the case of G6, while the peak was not consistently observed for 1,8-ANS, a large peak 
was observed for 2,6-ANS (0.65), and the peak for 2,6-TNS was in fact observed to be larger than the 
enhancement at 1 mM, with a fractional size of 1.3. Thus, the formation of the anomalous peak is 
facilitated by the more streamlined shape of the 2,6-substituted guests. 
In order to further investigate the nature of the interactions between the ANS guests and the 
PAMAM dendrimers which results in these spikes in the host fluorescence titration plots, single trial 
double fluorometric titration studies were done for the three probes in G4, again as a representative 
dendrimer host for comparative binding studies, as well as for 1,8-ANS in G5 and G6. The guest 
fluorescence titration plot was carried out at the concentration of the maximum observed anomalous 
peak in the host fluorescence titration plot ([G4] = 0.0025 M in all cases). In the case of 1,8-ANS in 
both G4 and G5, the resulting double reciprocal plots yielded negative y-intercepts (but close to 0), 
which has no physical meaning (n, the number of binding sites, would be negative). In the case of both 
2,6-TNS in G4 and 1,8-ANS in G6, the double reciprocal plot was highly scattered, preventing 
meaningful determination of n and Kb. However, in the case of 2,6-ANS, the double reciprocal plot 
was reasonably linear, as shown in Figure 8, and gave a very small but positive y-intercept, allowing Sensors 2010, 10                  
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for the determination of n and Kb.; these are listed in Table 3. The values of Kb = 5.9 ± 2.5 × 10
4 M
-1 
and n = 15 ± 6 obtained at the spike region are very different from those described above for 2,6-ANS 
using guest fluorescent titration at a fixed [G4] = 0.20 M (well above the region of the spike) of  
Kb = 5.3 ± 2.7 × 10
5 M
-1 and n = 0.23 ± 0.01. These results indicate that at the [G4] concentration at 
which the spike occurs, the binding of 2,6-ANS is weaker, but many more guests are bound per G4 
host, as compared to higher host concentrations. Thus, there is a significant change in the nature of the 
binding between the 2,6-guest and the G4 host in these two concentration regimes. However, it is 
unclear at this point how such a change in the nature of the binding of the host with the guest with 
changing host concentration would result in the observed spike in the fluorescence enhancement, 
particularly in light of the similar shape and position of the 2,6-ANS fluorescence spectrum at the 
various concentrations of host. Future work will be needed to explain the origin of the spike. 
This anomalous spike in the host fluorescence titration curve is, to the best of our knowledge, 
unprecedented in the literature. The only similar report of a fluorescence titration in which an initial 
steep increase in fluorescence was followed by a sharp decline as a function of host concentration was 
reported for pyrene as a guest in G2 starburst polymer hosts [6]. However, that fluorescence titration 
involved pyrene excimer fluorescence, and was explained as a result of the dependence of the 
formation of pyrene excimers in the host cavity (1:2 or 2:2 host: guest complexes) on host 
concentration. Excimer formation decreased as the host concentration increased, as inclusion of pyrene 
guest pairs gave way to inclusion of pyrene monomers. This scenario is not occurring in our   
ANS-PAMAM dendrimer systems, as these guests do not exhibit excimer fluorescence; the changes in 
fluorescence intensity are solely a result of the changes in binding and local environment on individual 
ANS guests.  
Figure 8. The double-reciprocal plot from the guest titration data for 4 × 10
-5 M 2,6-ANS 
in the presence of 0.0025 mM G4 PAMAM dendrimer; the solid line shows the linear fit.  
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3. Experimental Section 
PAMAM dendrimers, ethylenediamine core, Generations 4, 5 and 6 were obtained as solutions in 
methanol from the Aldrich Chemical Company and stored at 4 C. Generations 4, 5 and 6 contain 64, 
128 and 256 surface amine groups, respectively. The fluorescent probes 1,8-ANS and 2,6-TNS were 
also purchased from Aldrich. The probe 2,6-ANS was obtained from Molecular Probes, Inc. All 
chemicals were used as received.  
Stock solutions of the fluorescent probes were prepared from ultrapure distilled, deoinized water at 
a concentration of 4 × 10
-5 M, giving absorbances between 0.2 and 0.4 at the excitation wavelength of 
340 nm. Samples were prepared by removing the methanol from the dendrimer solution using a steady 
flow of argon. After removing the methanol, the desired amount of probe solution was added to the 
remaining film of dendrimer. The sample was then sonicated to ensure thorough mixing of dendrimer 
and probe. All absorbance and fluorescence measurements were performed on solutions in 1 cm
2 
quartz cuvettes. Absorbance measurements were obtained using a Varian Cary 50 Bio UV-vis 
spectrophotometer. Fluorescence spectra were measured on Perkin-Elmer Fluorescence 
Spectrophotometer.  
The fluorescence enhancement was determined by calculating the ratio (F/Fo) of the integrated 
fluorescence intensity of the fluorescent probe in the presence (F) and absence (Fo) of the dendrimer, 
corrected for solvent background emission. Fits of the host fluorescence titration curves to 1:1 and 2:1 
models were performed using non-linear least squares fitting programs for each model, written in our 
laboratory. The double fluorescence titration data was calculated and analyzed according to equations 
found in the literature [23]. 
4. Conclusions  
In this work the abilities of PAMAM dendrimers of Generation 4-6 as supramolecular hosts were 
studied. The fluorescent probes 1,8-ANS, 2,6-ANS and 2,6-TNS all form host-guest inclusion 
complexes with these dendrimers, with significant enhancement of their fluorescence upon 
complexation. However, in all cases, the complexation is very complicated, and the host fluorescence 
titration plots could not be fit using simple 1:1 or 2:1 host: guest models. Also, in all cases a very 
interesting and unique spike in the host titration plots was observed at low host concentration. 
Preliminary double fluorometric titration analysis indicated that there is a significant difference in the 
binding of 2,6-ANS by G5 at low as compared to high host concentration, with many guests per host 
bound at low host concentration, but less than one guest per host at higher concentration. This 
dramatic change in the nature of the host-guest complexation as a function of host concentration 
explains why a simple 2:1 model for the host fluorescence titration data was not sufficient for fitting 
the titration data.  
The use of this set of related fluorescent probes as guests allowed for comparative binding studies, 
which provided information about the nature of the dendrimer host cavities. Both the complete 
qualitative comparison of the host fluorescence titration plots (omitting the spikes) for PAMAM 
dendrimers G4 and G5 and the preliminary double fluorometric titration method in the case of 
PAMAM dendrimer G4 indicated that the more streamlined 2,6-ANS is more tightly bound than the Sensors 2010, 10                  
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more bulky 1,8-ANS, suggesting that the cavities in these dendrimers best accommodate narrow, 
longer guests.  
These PAMAM dendrimers were shown to be very complicated supramolecular hosts (as is well 
known in the literature), with large variations in host properties dependent on guest size and shape, as 
well as the dendrimer host concentration. They exhibit different host behavior at low and high 
concentration, which is manifested in unusual host fluorescence titration curves. This complex 
behavior has implications for the use of PAMAM dendrimers as hosts, for example in fluorescent 
sensor applications for specific target guests. In such applications, great care would need to be taken to 
ensure that the concentration of dendrimer used was on the plateau region of the fluorescence titration 
curve, and not in the region of this anomalous peak, as the sharp nature of the peak could result in 
large changes in fluorescence intensity from sample to sample, with small possible variations in the 
dendrimer host concentration. In this way, the anomalous fluorescence titration behavior observed at 
low dendrimer concentration will not impact the proven utility of these PAMAM dendrimers as 
supramolecular hosts in sensor applications. Future work will expand upon the preliminary double 
fluorometric experiments reported herein, and will involve complete sets of experiments with multiple 
trials for each of the nine ANS-dendrimer host: guest pairs, to provide a more detailed comparative 
binding study and a deeper understanding of the source of the host fluorescence titration spike.  
Acknowledgements 
Financial support for this work was provided by the Natural Sciences and Engineering Research 
Council of Canada (NSERC), and the University of Prince Edward Island. 
References and Notes 
1.  Tomalia, D.A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.; Martin, S.; Roeck, J.; Ryder, J.; 
Smith, P. A New Class of Polymers: Starburst-Dendritic Macromolecules. Polym. J. 1985, 17, 
117-132.  
2.  Bosman, A.W.; Janssen, H.M.; Meijer. E.W. About Dendrimers: Structure, Physical Properties, 
and Applications. Chem. Rev. 1999, 99, 1665-1688. 
3.  Twyman, L.J.; King, A.S.H.; Martin, I.K. Catalysis Inside Dendrimers. Chem. Soc. Rev. 2002, 31, 
69-82. 
4.  Lo, S.-C.; Burn, P.L. Development of Dendrimers: Macromolecules for Use in Organic Light-
Emitting Diodes and Solar Cells. Chem. Rev. 2007, 107, 1097-1116. 
5.  Tomalia, D.A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.; Martin, S.; Roeck, J.; Ryder, J.; 
Smith. P. Dendritic Macromolecules: Synthesis of Starburst Dendrimers. Macromolecules 1986, 
19, 2466-2468. 
6.  Pistolis, G.; Malliaris, A.; Paleos, C.M.; Tsiourvas. D. Study of Poly(amidoamine) Starburst 
Dendrimers by Fluorescence Probing. Langmuir 1997, 13, 5870-5875. 
7.   Crespo, L.; Sanclimens, G.; Pons, M.; Giralt, E.; Royo, M.; Albericio F. Peptide and Amide 
Bond-Containing Dendrimers. Chem. Rev. 2005, 105, 1663-1681. 
8.  Roush, W.R.; Adam, M.A.; Harris, D.J. Stereochemistry of Crotylboronate Additions to ,-
Dialkoxy Aldehydes. J. Org. Chem. 1985, 50, 2000-2003.  Sensors 2010, 10                  
 
 
4069
9.  Stevelmans, S.; van Hest, J.C.M.; Jansen, J.F.G.A.; van Boxtel, D.A.F.J.; de Brabander-van den 
Berg, E.M.M.; Meijer, E.W. Synthesis, Characterization, and Guest−Host Properties of Inverted 
Unimolecular Dendritic Micelles. J. Am. Chem. Soc. 1996, 118, 7398-7399.  
10. Piotti, M.E.; Rivera Jr., F.; Bond, R.; Hawker, C.J.; Frechét, J.M.J. Synthesis and Catalytic 
Activity of Unimolecular Dendritic Reverse Micelles with “Internal” Functional Groups. J. Am. 
Chem. Soc. 1999, 121, 9471-9472. 
11.  Tomalia, D.A.; Berry, V.; Hall, M.; Hedstrand, D.M. Starburst Dendrimers. 4. Covalently Fixed 
Unimolecular Assemblages Reminiscent of Spheroidal Micelles. Macromolecules  1987,  20,  
1164-1167. 
12. Jansen, J.F.G.A.; de Brabander-van den Berg, E.M.M.; Meijer, E.W. Encapsulation of Guest 
Molecules into a Dendritic Box. Science 1994, 266, 1226-1229.  
13.  Ceroni, P.; Juris, A. In Handbook of Photochemistry and Photobiology; Nalwa, H.S., Ed.; Volume 
3: Supramolecular Photochemistry; American Scientific Publishers: Stevenson Ranch, CA, USA, 
2003; Chapter 4, p. 157. 
14. Gorman, C.B.; Smith, J.C. Structure−Property Relationships in Dendritic Encapsulation. Acc. 
Chem. Res.2001, 34, 60-71. 
15.  Boas, U.; Heegaard, P.M.H. Dendrimers in Drug Research. Chem. Soc. Rev. 2004, 33, 43-63.  
16.  Klajnert, B.; Bryszewska, M.. Dendrimers: Properties and Application. Acta Biochimica Polonica 
2001, 48, 199-208. 
17.  Beezer, A.E.; King, A.S.H.; Martin, I.K.; Mitchel, J.C.; Twyman, L.J.; Wain, C.F. Dendrimers as 
Potential Drug Carriers; Encapsulation of Acidic Hydrophobes within Water Soluble PAMAM 
Dendrimers. Terahedron 2003, 59, 3873-3880. 
18.  Chen, W.; Tomalia, D.A.; Thomas, J.L. Unusual pH-Dependent Polarity Changes in PAMAM 
Dendrimers: Evidence for pH-Responsive Conformational Changes. Macromolecules 2000, 33, 
9169-9172. 
19. Richter-Egger, D.L.; Landry, J.C.; Tesfai, A.; Tucker, S.A. Spectroscopic Investigations of 
Polyamido Amine Starburst Dendrimers Using the Solvatochromic Probe Phenol Blue. J. Phys. 
Chem. A. 2001, 105, 6826-6833. 
20.  Balzani, V.; Ceroni, P.; Gestermann, S.; Gorka, M.; Kauffman, C.; Vögtle, F. Fluorescent Guests 
Hosted in Fluorescent Dendrimers. Tetrahedron 2002, 58, 629-637. 
21. Klajnert, B.; Bryszewska, M. Studies on Incorporating Small Fluorescent Molecules into 
PAMAM Dendrimers. Cell. Mol. Biol. Lett. 2002, 7, 288.  
22. Klajnert, B.; Bryszewska, M. The Interactions of Tryptophan and ANS with PAMAM 
Dendrimers. Cell. Mol. Biol. Lett. 2002, 7, 1087-1094.  
23.  Shcharbin, D.; Klajnert, B.; Mazhul, V.; Bryszewska, M. Estimation of PAMAM Dendrimers' 
Binding Capacity by Fluorescent Probe ANS. J. Fluores. 2003, 13, 519-524.  
24. Shcharbin, D.; Klajnert, B.; Mazhul, V.; Bryszewska, M. Dendrimer Interactions with 
Hydrophobic Fluorescent Probes and Human Serum Albumin. J. Fluoresc. 2005, 15, 21-28. 
25.  Klajnert, B.; Pastucha, A.; Shcharbin, D.; Bryszewska, M. Binding Properties of Polyamidoamine 
Dendrimers. J. Appl. Polym. Sci. 2007, 103, 2036-2040. 
26.  Shcharbin, D.; Szwedzka, M.; Bryszewska, M. Does Fluorescence of ANS Reflect its Binding to 
PAMAM Dendrimer? Bioorg. Chem. 2007, 35, 170-174. Sensors 2010, 10                  
 
 
4070
27.  Shcharbin, D.; Bryszewska, M. Complex Formation Between Endogenous Toxin Bilirubin and 
Polyamidoamine Dendrimers: A Spectroscopic Study. Biochim. Biophys. Acta   2006,  1760,  
1021-1026. 
28.  Ceroni, P; Vicinelli, V.; Maestri, M.; Balzani, V.; Lee, S.-K.; van Heyst, J.; Gorka, M.; Vögtle, F. 
Luminescent Dendrimers as Ligands for Metal Ions. J. Organomet. Chem. 2004, 689, 4375-4383. 
29. Grabchev, I.; Dumas, S.; Chovelon, J.-M. A Polyamidomine Dendrimer as a Selective 
Colorimetric and Ratiometric Fluorescent Sensor for Li
+ Cations in Alkali Media. Dyes and 
Pigments 2009, 82, 336-340. 
30. Zhu, N.; Gao, H.; Gu, Y.; Xu, Q.; He, P.; Fang, Y. PAMAM Dendrimer-Enhanced DNA 
Biosensors Based on Electrochemical Impedence Spectroscopy. Analyst 2009, 134, 860-866.  
31.    Wagner, B.D.; Stojanovic, N.; Day, A.I; Blanch R.J. Host Properties of Cucurbit[7]uril: 
Fluorescence Enhancement of Anilinonaphthalene Sulfonates. J. Phys. Chem . B   2003,  107, 
10741-10746. 
32.  Wagner, B.D.; Fitzpatrick, S.J. A Comparison of the Host-Guest Inclusion Complexes of 1,8-ANS 
and 2,6-ANS in Parent and Modified Cyclodextrins. J. Incl. Phenom. Macro . Chem. 2000, 38, 
467-478. 
33. Rankin, M.A.; Wagner, B.D. Fluorescence Enhancement of Curcumin upon Inclusion into 
Cucurbituril. Supramol. Chem. 2004, 16, 513-519. 
34. Wagner  B.D.  Cyclodextrin Materials Photochemistry , Photophysics and Photobiology ; Douhal, 
A., Ed.; Elsevier: Oxford, UK, 2006; Chapter 2, p. 27. 
35.  Esfand, R.; Tomalia, D.A. Poly(amidoamine) (PAMAM) Dendrimers: From Mimicry to Drug 
Delivery and Biomedical Applications. DDT 2001, 6, 427-436. 
36.  Weber, L.D.; Tulinsky, A. The monoclinic structure of a fluorescent probe: ammonium 1-anilino-
8-naphthalenesulfonate (ANS) monohydrate. Acta Cryst. 1980, B36, 611-614. 
37.  Muñoz de la Peña, A.; Salinas, F.; Gómez, M.J.; Acedo, M.I.; Sánchez Peña, M. Absorptiometric 
and Spectrofluorimetric Study of the Inclusion Complexes of 2-Naphthyloxyacetic Acid and 1-
Naphthylacetic Acid with β-Cyclodextrin in Aqueous Solution J. Inclus. Phenom. Mol. Rec. 
Chem. 1993, 15, 131-143. 
38.  Nigam, S.; Durocher G. Spectral and Photophysical Studies of the Inclusion Complexes of Some 
Neutral 3H-Indoles and Their Cations and Anions with -Cyclodextrin. J. Phys. Chem. 1996, 100, 
7135-7142. 
39.  Scatchard, G. The Attraction of Proteins for Small Molecules and Ions. Ann. NY Acad. Sci. 1949, 
51, 660-672. 
© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open-access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 